The chondrocranium and hyobranchial morphology are described for the tadpoles of five species of Proceratophrys Miranda-Ribeiro. The chondrocranium of P. appendiculata, P. boiei, P. laticeps and P. tupinamba are very similar and can be distinguished from that of P. cristiceps by: 1) less developed processus muscularis; 2) thinner palatoquadrate; 3) broadest ethmoidal region; 4) longer cornua trabeculae; and 5) morphology f the suprarostral cartilages. A morphological variation among Proceratophrys boiei is described. It reveals the existence of at least three distinct evolutionary lineages under this name. A brief comparison with other cycloramphid species is also provided.
Introduction
The widely distributed genus Proceratophrys Miranda-Ribeiro currently comprises 31 species occurring in Brazil, Argentina, and Paraguay (Ávila et al. 2012; Cruz et al. 2012; Frost 2013; Dias et al. 2013) . Their intrageneric relationships have never been explored deeply and most species are ordered within phenetic groups or complexes according to morphological similarity (Izecksohn et al. 1998; Giaretta et al. 2000; Kwet & Faivovich 2001; Prado & Pombal 2008) .
Among the species that posses a long and single palpebral appendage are the Proceratophrys appendiculata and P. boiei species complexes (Izecksohn et al. 1998; Prado & Pombal 2008; Cruz & Napoli 2010) . The P. appendiculata species complex is found only in the Atlantic Forest, from Bahia state to Santa Catarina state (Izecksohn et al. 1998; Cruz & Napoli 2010 ) and comprises ten species characterized by the presence of a triangular rostral appendage-P. appendiculata (Günther), P. belzebul Dias, Amaro, Carvalho-e-Silva and Rodrigues, P. izecksohni Dias, Amaro, Carvalho-e-Silva and Rodrigues, P. laticeps Izecksohn and Peixoto, P. melanopogon (Miranda-Ribeiro) , P. moehringi Weygoldt and Peixoto, P. phyllostomus Izecksohn, Cruz and Peixoto, P. sanctaritae Cruz and Napoli, P. subguttata Izecksohn, Cruz and Peixoto and, P. tupinamba Prado and Pombal. The Proceratophrys boiei species complex is found primarily in the Atlantic Forest, from Paraiba state to Santa Catarina state (Prado & Pombal 2008) . There are three species included in this group: P. boiei (WiedNeuwied), P. paviotii Cruz, Prado and Izecksohn, and P. renalis (Miranda-Ribeiro) , all lacking a rostral appendage.
Species without palpebral appendages are assigned to the Proceratophrys bigibbosa and P. cristiceps species groups. The nine species that compose the P. cristiceps group-P. aridus Cruz, Nunes and Juncá, P. caramaschii Cruz, Nunes and Juncá, P. concavitympanum Giareta, Bernarde and Kokubum, P. cristiceps (Müller), P. cururu Eterovick and Sazima, P. goyana (Miranda-Ribeiro), P. huntingtoni Ávila, Pansonato and Strüssmann, P. moratoi (Jim and Caramaschi), P. strussmannae Ávila, Kawashita-Ribeiro and Morais, and P. vielliardi Martins and Giaretta-are characterized by the absence of post-ocular swellings and are typically found in open and dry environments of cerrado and caatinga (Giaretta et al. 2000; Cruz et al. 2012) .
Species of Proceratophrys bigibbosa group can be found in southeast and south Brazil, Argentina and Paraguay. They are characterized by a blunt and short snout, by the presence of post-ocular swellings and by a large marginal row of tubercles in the eyelid (Kwet & Faivovich 2001) . Currently it comprises four species: P. avelinoi Mercadal de Barrio and Barrio, P. bigibbosa (Peters), P. brauni Kwet and Faivovich, and P. palustris Giaretta and Sazima. Despite been the widespread usage of these groups name, their monophyly has never been tested till recently. Amaro et al. (2009 ), Teixeira et al. (2012 and Dias et al. (2013) performed a phylogenetic analysis for the genus based on sequence data and did not find support for the monophyly of most of the groups-P. bigibbosa group was recovered monophyletic in both analysis. Although, morphological characters seem to be stable among these groups and the monophyletic nature of them still must be tested (Martins & Giaretta 2011 ) using multiple evidences.
Several studies of larval morphology show that tadpoles constitute an important source of characters useful in phylogenetic analysis (Larson and de Sá 1998; Haas 2003; Fabrezi & Quinzio 2008) , although, for Proceratophrys, studies with tadpoles have been largely ignored (Dias & Carvalho-e-Silva 2012) . Of the 29 recognized species, only 15 have their tadpoles described (Fatorelli et al. 2010; Nascimento et al. 2010; Napoli et al. 2011; Provete et al. 2013) ; of those just seven have some aspect of the internal morphology described (Wassersug & Heyer 1988; de Sá & Langone 2002; Vieira et al. 2007; Provete et al. 2013) and no chondrocranium have been described so far.
Herein we describe the chondrocranium and the hyobranchial morphology of Proceratophrys appendiculata, P. boiei, P. cristiceps, P. laticeps and P. tupinamba. Based on the data gathered, we also explore their utility in phylogenetic investigation.
Material and methods
Examined specimens were obtained from the following Brazilian collections: Laboratório de Biossistemática de Anfíbios of Universidade Federal do Estado do Rio de Janeiro (UNIRIO); Amphibian collection of Departamento de Zoologia of the Universidade Federal do Rio de Janeiro (ZUFRJ); Museu Nacional, Rio de Janeiro (MNRJ); and Collection of Departamento de Zoologia e Botânica da Universidade Estadual Paulista-Campus São José do Rio Preto (DZSJRP). Specimen's localities and voucher numbers are listed in appendix I.
Species identification were made according to the following procedures: 1) direct comparison with the original tadpole description; 2) observation of raised metamorphosed specimens; 3) utilization of specimens of the same lot used in the original description (for Proceratophrys cristiceps and P. laticeps); and 4) geographical distribution (for the insular species P. tupinamba). For Proceratophrys boiei the species with the widest distribution, we analyzed specimens from three different states: Minas Gerais, Paraná and Rio de Janeiro.
A total of 50 tadpoles between Gosner (1960) stages 29 and 39 were cleared and double stained (see Appendix I) according to Taylor & Van Dyke (1985) adapted as following and chondrocranial terminology follows Larson & de Sá (1998): 1) Individuals were lightened for 20 minutes; 2) then they were immersed for 24 hours in a solution of 20% of potassium hydroxide (KOH 50g/L) and 80% of distilled water; 3) then they were dehydrated in absolute alcohol (ethanol 100%) for 24 hours; 4) Subsequently the cartilaginous tissues were stained in alcian blue solution (30% acetic acid, 70% absolute alcohol and alcian blue) for 6 hours; 5) specimens were washed in supersaturated solution of sodium tetraborate (Na 2 B 4 O 7 ) three times with intervals of 12 hours; 6) after, it held the digestion of proteins in solution of pancreatine (30% sodium tetraborate, 70% distillated water and pancreatine) for five days; 7) then bony and calcified tissues were stained with alizarine red solution (solution of KOH 50g/L and alizarine red) for 6 hours; 8) then the material were washed with KOH solution with intervals of 12 hours until stop releasing red coloration; 9) then the process of preservation were initiated-specimens were exposed to a gradient of glycerin and KOH in the proportions of 25%, 50%, 75% and finally 100% glycerin; 10) After all analysis were done, a small amount of timol were added to preserve the specimens. Results Figures 1-3 Because the chondrocrania of all species studied are similar in shape and general aspects, we present first a general description that suits all of them. Individual variations from the general morphology are noted whenever it is pertinent. The chondrocranium is longer than wide; its greatest width (at the level of the palatoquadrate) is approximately 80-85% and its greatest height (at the level of the processus muscularis) is about 25% of its length.
Chondrocranium morphology

Neurocranium
Ethmoidal region. The paired suprarostral cartilages support the upper jaw sheaths; each suprarostral consists of a central corpus and a lateral alae. These elements are dorsally fused (Fig. 1D ). In Proceratophrys cristiceps those elements are fused dorsally and ventrally, leaving a small opening between them in frontal view (Fig. 2D ). In the specimens of P. boiei from Minas Gerais state, a chondrified tissue connects the corpora and alae ventrally ( Fig.  3B ; Table 1 ). The corpora are ventromedially fused, forming a continuous horizontal bar of cartilage. The corpora are thin, sub rectangular shaped; in frontal view shows a "v" aspect. The lateral alae are wide, flattened, and has a sub rectangular shape with its ventral surface rounded; each ala curves posteriorly from its point of fusion with the corpora. The posterodorsal margin of each ala possesses a well developed processus posterior dorsalis. The cornua trabeculae articulate with the suprarostral in the point of articulation of the corpora and the alae.
The cornua trabeculae originate from the planum trabeculare anticum and represent 30-40% o the chondrocranium length in most species-in Proceratophrys cristiceps it represents approximately 25% of chondrocranium length (Fig. 2) . The cornua diverge and are curved ventrally, the internal margins of the cornua, form a "V". They are practically uniform along their extension. The planum trabeculare anticum is continuous with the planum ethmoidale that forms the anterior wall of the braincase. In the point of confluence of the cornua trabeculae a small strip of cartilage, the septum nasi, is present.
Orbitotemporal region. A thin sheet of cartilage, the intertrabeculare planum, which closes the fenestra basicranialis, also closes the central area of the cranial floor. The planum intertrabeculare is formed laterally by extensions of the trabeculare cranii and anteriorly by the trabeculare anticum. The cranial floor is pierced by two pairs of foramina. The anterior, smaller pair is the foramina craniopalatina, and the posterior, larger pair is the foramina carotica primaria.
The lateral walls of the braincase are formed by the orbital cartilages, which are posteriorly connected to the otic capsule. This connection forms the dorsal margin of the foramen prooticum, a large foramen located between the anterior edge of the otic capsule and the posterior margin of the orbital cartilage. Other two foramina are visible in the orbital cartilage: the foramen opticum and the foramen oculomotorium. . Morphology also representative of P. boiei (from Rio de Janeiro state), P. laticeps and P. tupinamba. cb I-IV, ceratobranchials I-IV; ch, ceratohyal; cq, comissura quadratoorbitalis; cqa, comissura quadratocranialis anterior; ct, cornua trabeculae; fcp, foramen caroticum primarium; fcrp, foramen craniopalatinum; fo, foramen opticum; fom, foramen oculomotorium; fov, fenestra ovalis; fpo, foramen prooticum; hp, hipobranchial plate; i, infrarostral caratilage; mc, Meckel cartilage; oc, otic capsule; pah, processus anterior hyalis; pal, processus anterolateralis hyalis; paq, pars articularis quadrati; pas, processus ascendens; pm, processus muscularis; pp, processus pseudopterygoideus; pph, processus posterior hyalis; pq, palatoquadrate; pr, pars reuniens; s, spicules; sa, suprarostral alae; sc, suprarostral corpus; sn, septum nasi; ts, tectum synoticum. Scale bar = 0.5 mm. . cb I-IV, ceratobranchials I-IV; ch, ceratohyal; cq, comissura quadratoorbitalis; cqa, comissura quadratocranialis anterior; ct, cornua trabeculae; fcp, foramen caroticum primarium; fcrp, foramen craniopalatinum; fo, foramen opticum; fom, foramen oculomotorium; fov, fenestra ovalis; fpo, foramen prooticum; hp, hipobranchial plate; i, infrarostral caratilage; mc, Meckel cartilage; oc, otic capsule; pah, processus anterior hyalis; pal, processus anterolateralis hyalis; paq, pars articularis quadrati; pas, processus ascendens; pm, processus muscularis; pp, processus pseudopterygoideus; pph, processus posterior hyalis; pq, palatoquadrate; pr, pars reuniens; s, spicules; sa, suprarostral alae; sc, suprarostral corpus; sn, septum nasi; ts, tectum synoticum.Scale bar = 0.5 mm.
The frontoparietal fontanelle is large and ovoid in shape; its width represents 45-60% of its length in most species, with exception of Proceratophrys cristiceps who possesses a wider fontanelle-its width representing about 85% of its length. The frontoparietal fontanelle represents approximately 40-55% of the chondrocranium length. Laterally it is bordered by the taenia tecti marginales, anteriorly by the planum ethmoidale, and posteriorly by the tectum synoticum. In P. boiei specimens from Minas Gerais state the frontoparietal fontanelle is subdivided into an anterior frontal and two posterior parietal fenestrae (Fig.3A) . This subdivision occurs by the medial growth of the taenia tecti transversales from the taenia tecti marginales and the elongation of the taenia tecti medialis anteriorly from the medial portion of the tectum synoticum. . cb I-IV, ceratobranchials I-IV; ch, ceratohyal; cq, comissura quadratoorbitalis; ct, cornua trabeculae; hp, hipobranchial plate; oc, otic capsule; pah, processus anterior hyalis; pal, processus anterolateralis hyalis; paq, pars articularis quadrati; pm, processus muscularis; pph, processus posterior hyalis; pq, palatoquadrate; pr, pars reuniens; s, spicules; sa, suprarostral alae; sc, suprarostral corpus; sn, septum nasi; ts, tectum synoticum; ttm, taenia tecti medialis; ttt, taenia tecti transversales. MG, Minas Gerais state; PR, Paraná state; RJ, Rio de Janeiro state. Scale bar = 0.5 mm.
Otoocipital region. The otic capsules are rhomboid in shape and represents about 25% of the chondrocranium length. In dorsal view it bears a distinct anterolateral triangular projection, the larval crista parotica. The tectum synoticum bridges the two otic capsules and forms the dorsal roof of the foramen magnum. Each arcus occipitalis is continuous with the tectum synoticum dorsally and with the planum basale ventrally, forming the foramen magnum and the foramen jugulare. The foramen perilymphaticum is found laterally to the foramen jugulare.
Visceral components
Palatoquadrate. In dorsal view the palatoquadrate is C shaped, wider in its medial region. Posteriorly it connects to the braincase through the processus ascendens, a thin rod-like cartilage. The processus ascendens attaches just posterior of the oculomotorium foramen (intermediate condition sensu Sokol, 1981) . The processus ascendens is almost perpendicular to the main axis of the chondrocranium, forming an angle of 80-95°.
Anteriorly the palatoquadrate connects to the braincase through the comissura quadratocranialis anterior. The comissura quadratocranialis anterior extends between the palatoquadrate, at the level just posterior to the pars articularis quadrati, and the floor of the neurocranium. The anterior margin of the comissura bears a triangular process, the processus quadratoethmoidalis. A triangular-shaped processus pseudopterygoideus is present on the posterior margin of the comissura quadratocranialis anterior in most species.
Each palatoquadrate bears two distinct processes: the processus muscularis quadrati and the pars articularis quadrati. The broad and flat processus muscularis quadrati extend dorsally from the lateral edges from the palatoquadrate at the level posterior to the pars articularis quadrati. Dorsally the edges of the processus muscularis quadrati curves to attach the comissura quadratocranialis anterior via the comissura quadratorbitalis.
Right below to the processus muscularis, and ventrolaterally on the palatoquadrate there is a bump, the facies articularis hyalis that serves as the point of articulation of the ceratohyal to the palatoquadrate. This feature is partially formed by the hyoquadrate process, a ventral enlargement of the palatoquadrate. The pars articularis quadrati is a segment of the palatoquadrate who articulates with the posterior margins of the Meckel's cartilage.
Meckel cartilage and cartilage labialis inferior. Together with the infrarostral cartilages, the Meckel's cartilage forms the mandible. The Meckel's cartilage is sigmoid in shape and represents 15-20% of the chondrocranium length. It is wider in its posterior edge, narrowing in the rostral portion. The Meckel's cartilage is orientated almost perpendicular to the main axis of the chondrocranium, positioned ventrally to the cornua trabeculae. Rostrally it articulates to the cartilage labialis inferior and posteriorly with the pars articularis quadrati trough retroarticularis processus.
The paired infrarostral cartilages provide support for the lower horny beak. They are almost rectangular in shape with its external side wider. They are bounded by connective tissue, and slightly curved towards the center of the chondrocranium, possessing a "V" aspect in ventral view in most species, with exception of Proceratophrys cristiceps in which they are orientated almost perpendicular to the main axis of the chondrocranium (Fig. 2B) .
Hyobranchial apparatus. The ceratohyalia are wide, flat subtriangular shaped cartilages; they are dorsally twisted to articulate with the facies articularis of the palatoquadrate. Each ceratohyal bears two distinct processes: the processus anterior hyalis and the processus anterolateralis hyalis. Both processes are almost triangular in shape. Additionally, they possess a well-developed triangular processus posterior hyalis.
The ceratohyalia are bounded together by the pars reuniens, which bears a developed processus urobranchialis. The planum hypobranchiale are wide sheets of cartilage, which serves as the point of attachment of the ceratobranchials. The posterior portion of the planum hypobranchiale varies among species. They are smooth in most species but present some pointing projections in Proceratophrys cristiceps (Fig. 2E ). In specimens of P. boiei from Paraná state, it ends in a rounded projection (Fig. 3C) .
The branchial basket has four ceratobranchials that are distally continuous via the comissurae terminales. Proximally, ceratobranchial I attaches to the planum hypobranchiale by a wide strip of cartilage. Ceratobranchials I, II and III bear a dorsally projecting speculum near their point of attachment to the planum hypobranchiale.
Discussion
Chondrocranium morphology and its implications for systematic
Morphological stability and the phenetic groups. There is a striking morphological similarity in the chondrocranium of the analyzed species that possess a palpebral appendage (Proceratophrys appendiculata, P. boiei, P. laticeps and P. tupinamba); the only differences observed were biometrical ones with exceptions of variation in P. boiei discussed below.
In contrast, the chondrocranial morphology of all species studied differ from that of P. cristiceps by a combination of the following characteristics: a less developed processus muscularis; thinner palatoquadrate; broadest ethmoidal region; longer cornua trabeculae; the morphology of the suprarostral cartilages (almost complete fused in P. cristiceps and free distally in all other species); and the hyobranchial morphology-the ceratobranchials are longer in P. cristiceps and the planum hypobranchiale poorly developed; the pars reuniens is longer in P. cristiceps.
The only phylogenetic hypothesis for the relationships of Proceratophrys are based on molecular data only (Amaro et al. 2009; Pyron & Wiens 2011; Teixeira et al. 2012; Dias et al. 2013) . The P. bigibbosa group was the only one recovered as monophyletic by those analyses.
The chondrocranium morphological stability observed in the species with palpebral appendages supports a relationship between the species that possess a long and single palpebral appendage when compared with Proceratophrys cristiceps. Bioacoustics data also point to the same direction (see Dias & Hepp et al. in press) The phenetic groups may really represent natural groups, although it still must be accessed by an integrative phylogenetic analysis, including DNA sequences morphological characters (external morphology, osteology, miology, chondrocranium, internal oral morphology, etc.) of booth, adult and tadpoles and bioacoustics.
Cycloramphid chondrocranium. Recently Pyron & Wiens (2011) split the former Cycloramphidae (sensu Grant et al., 2006) in to several small families. Despite this taxonomic propose been largely accepted (see Frost, 2013) , new studies have recovered different topologies Fouquet et al. 2013) , although showing the phylogenetic affinities of those taxa. Thus, we perform a comparison with the genera of the former Cycloramphidae (sensu Grant et al., 2006) .
The chondrocranium of Proceratophrys species clearly share several features with other cycloramphid frogs (sensu Grant et al. 2006) , especially with Odontophrynus Reinhardt & Lütken. There are few chondrocranium described for this family, although some overall patterns can be observed.
On the whole, Proceratophrys species are promptly distinguished from those of Alsodes Bell, Cycloramphus Tschudi, Eupsophus Fitzinger, Insuetophrynus Barrio, and Rhinoderma Duméril & Bibron by presenting a well developed processus pseudopterygoideus (absent in those species) (Lavilla 1987 (Lavilla , 1991 (Lavilla , 1992 Formas & Brieva 2004; Candioti et al. 2005 Candioti et al. , 2011 Cárdenas-Rojas et al. 2007a; Nuñez & Úbeda 2009; Rabanal & Formas 2009; Formas 2013 ). This feature may also distinguish Proceratophrys from Hylorina Bell. Although the authors did not mention it on the description of the chondrocranium of Hylorina sylvatica Bell (Cárdenas-Rojas et al. 2007b) , their illustrations show some projection on the posterior margin of the comissura quadratocranialis anterior, which is likely the processus pseudopterygoideus (see their figure 3A and B) .
Proceratophrys differs from Limnomedusa Fitzinger by presenting the corpora and alae fused dorsally-these features are free in Limnomedusa macroglossa Duméril & Bibron (Alcade & Blotto 2006) . The presence of the taenia tecti medialis and transversales in this species separates it from species of Proceratophrys.
All Proceratophrys species can be distinguished from Odontophrynus americanus Duméril & Bibron for presenting the two suprarostral corpora fused (free in O. americanus) and by lacking adrostral tissue (present in O. americanus) . Proceratophrys species differs from Odontophrynus lavillai Cei, by the absence of a posterolateral expansion of the larval crista parotica (present in O. lavillai) (Fabrezi & Vera 1992) .
Several others features may be evoked to discriminate species. Besides the number of chondrocranium described for Cycloramphidae is still reduced, there is great morphological variability among genera. All this variation must be codified in to transformational series (sensu Grant & Kluge 2004 ) and analyzed in a cladistic framework. Then we will be able to understand the evolution and the distribution of such characters.
The Proceratophrys boiei taxonomy
Proceratophrys boiei is de most widely distributed species in the genus, occurring from southeastern Minas Gerais and Espírito Santo to southeastern Santa Catarina (Frost, 2013) . Prado & Pombal (2008) revised the taxonomy of this species, and did not find morphometric differences among the samples from different localities along the species distributions. However, they mentioned a tendency of decreasing of the curvature of frontoparietals crests and an increase in the prominence of the posterior portion of the same feature in specimens of Santa Catarina and Paraná states. Prado & Pombal (2008) also noted a marked depth on the head in specimens of Rio de Janeiro. They opted not to give specific status to those populations because they found great variation in those characters along the distribution of Proceratophrys boiei.
More recently, Amaro et al. (2012) investigated the demographic history of Proceratophrys boiei using three molecular markers (RAG-1; Cytb; 16S) and chromosomal data. They found two well supported clade, which they called South clade, including specimens from the southeastern São Paulo and Santa Catarina, and North clade, including specimens from northeastern São Paulo, Rio de Janeiro, Minas Gerais and Espírito Santo.
They also found a strongly supported division of the North clade in two; the North clade 1 for the specimens from Espírito Santo and Minas Gerais, and the North clade 2 for Rio de Janeiro and São Paulo. They emphasized the need of examination of additional morphological and acoustic characters to reveal phenotypic congruence with their results .
We found a significant morphological variation in the chondrocranium of the three populations of Proceratophrys boiei studied. The population of Rio de Janeiro state, represented by tadpoles collected in Teresópolis municipality, is more similar to the other species of Proceratophrys that possess palpebral appendage (P. appendiculata, P. laticeps and P tupinamba).
Specimens from Minas Gerais presented elongations of the taenia tecti marginales and of the tectum synoticum, originating the taenia tecti medialis and transversales. It has been shown that this might occur along the development of the chondrocranium (Candioti et al. 2005 ) but it does not seem to be the case. Specimens of the same developmental stages of others populations and ontogenetic series of others species did not show such variations, leading us to conclude that it is a particularity of the specimens from Minas Gerais.
The morphology of the suprarostral cartilage also corroborates this hypothesis. The cartilaginous connection of the distal portion of the alae with the corpora was only observed in this population.
The population of Paraná state also presented unique morphology. The hipobranchial planum is reduced and ends in a rounded projection. The ceratobranchial IV is clearly more developed and the pars reuniens is expanded in midline. Our data is congruent with the pattern recovered by Amaro et al. (2012) , with morphotypes representing the three clades found by them.
The genus Proceratophrys has been shown more diverse than previously thought-eleven new species were described in the last five years (Prado & Pombal 2008; Cruz & Napoli 2010; Ávila et al. 2011; Martins & Giaretta 2011; Napoli et al. 2011; Cruz et al. 2012; Teixeira et al. 2012; Dias et al. 2013) . Moreover, the geographical distributions of the species are highly vicariant (Izecksohn et al. 1998 ) with few areas of sympatry among then, and it is expected that more than one taxon exist within Proceratophrys boiei.
In recent years taxonomists have employed an integrative approach in species descriptions, and distinct lines of evidences may be evoked to propose hypothesis of new species (Padial et al. 2009 Rosa et al. 2012) . Our findings on chondrocranium morphology plus the molecular and chromosomal evidences provided by Amaro et al. (2012) 
